Abstract:
INTRODUCTION

33
III-nitride semiconductors achieve light emission at wavelengths spanning from the Zhu, et al., 2013) . This leads to wide-ranging current and future applications 37 in optoelectronics, for instance, light emitting diodes (LEDs), laser diodes (LDs) (Zhu, et al., 38 2013) and single photon sources (Jarjour, et al., 2007) . Blue and green LEDs and LDs 39 typically employ ternary quantum well (QW) structures in their active regions which improve 40 their quantum efficiency due to the confinement of carriers (Nakamura, et al., 1995) . Internal suggesting that some aspect of the nanoscale structure of nitride QWs makes devices robust 47 to the effects of non-radiative carrier recombination at defect sites (Oliver, et al., 2010) .
48
Further development requires precise nanoscale characterisation of these materials. However, of these studies rely on pulsed-laser APT. When studying GaN nanowires, it has been found 78 that the measured Ga/N ratios deviated from expected stoichiometry at high laser energies 
METHODS
141
APT sample preparation using a FIB-based in situ lift-out method 142 APT samples were prepared using a dual beam FIB (FEI Helios NanoLab™) in which a
143
Kleindiek micromanipulator was configured inside the chamber for in-situ lift-out (Larson, et 144 al., 1999; Thompson, et al., 2007) . In order to systematically evaluate FIB implantation 145 caused by sample preparation, the following procedures were adopted: 
RESULTS
201
Ga implantation induced by FIB sample preparation
202
Natural Ga is composed of two isotopes, i.e. the 69 Da peak (Ga-69) with a natural 203 abundance of 60.1% and the 71 Da peak (Ga-71) with 39.9% abundance (Miller, et al., 1996) .
204
The trimethyl gallium used for GaN growth is expected to exhibit this isotopic ratio.
205
However, the ion source in the FIB instrument contains monoisotopic Ga-69. The The unintentional incorporation of Ga during InAlN growth is also observed. laser energies, which might be related to the stability of these molecular ions at certain field 278 strengths (Tsong, 1984) .
280
A quantitative analysis of the mass spectra at different laser energies is illustrated in Fig. 5 . In across the entire mass spectrum from 0 to 120 Da. This suggests that the signal to noise ratio 294 is best at relatively low pulse laser energy, i.e., less than 0.1 nJ, but deteriorates at higher The effective pulse fraction for laser energy was also calculated using a similar approach to 302 that used in reference The mass spectrum obtained at the 20% PF is illustrated in Fig. 6(b) . Similar to the mass 321 spectrum obtained at the 0.004 nJ in Fig. 4(a) indicated by the arrows. The origins of these broad peaks are unclear, since it is apparent that 326 they are not representative of a time-of-flight of an ion from the specimen to the detector. Fig.   327 6(c) shows the Ga + and Ga 2+ peaks at the different pulse fractions, where the counts were 328 normalized with respect to the 34.5 Da peak associated with the Ga 2+ ions for comparison.
329
The relative position of the two broad peaks associated with Ga + and Ga 2+ was approximate 2
330
Da and 1 Da respectively, as depicted in the figure.
332
The voltage PF also showed a considerable impact on the measurement of the Ga content
333
( Fig. 6(d) ). Although about 50 at.% Ga was measured at the 20% PF, it shifted markedly, to reconstructed volume (i.e. the minimum z value in each curve in Fig. 2(a) The gradual degradation of the pole structures in the desorption maps (Fig. 3) clearest pole structures were observed in HV-pulsing mode for the case of 20% PF (Fig. 6(a) ),
408
being comparable to that obtained at low laser energy of 0.004 nJ (Fig. 3(a) ), or perhaps even (ii) Mass spectrum 414 The major peaks in mass spectra obtained at relative high laser energy (e.g. larger than 0.1 nJ)
415
were associated with 'thermal tails' (Kirchhofer, et al., 2013) . At higher laser energies the 416 specimen must dissipate an increasing amount of heat between pulses. Thermal tails occur 417 because, depending on the rate of this heat dissipation, for a time after the application of the 418 pulse there is a probability that surface atoms will maintain enough thermal energy to be field information is lost and then the ion is simply registered as noise in the mass spectrum. Thus, the reduction of the ratio of ranged ion counts (Fig. 5(d) ) at high pulse laser energies is 422 related to the occurrence of these 'thermal tails' and uncorrelated field evaporation between 423 pulses while heat is dissipated.
425
The observed ion species in the mass spectrum in laser mode (Fig. 4(a) large portion of multiple hit events at low laser energy (Fig. 5(c) ) could be pertinent to the since the probability of the dissociation process would tend to be larger at a relatively more 433 intense electric field, an increased fraction of multiple hits would be expected at a low laser 434 energy. This is in line with the decrease of molecular species observed in the low laser energy 435 regime in Fig. 4 (b) . It should be noted that the fraction of multi-hits (e.g. ~ 22% at 0.004 nJ)
436
is not very high in contrast to other non-metallic materials for instance, TiSiN, where it can 437 amount to over 50% (Tang, et al., 2010) . The broad peaks in the mass spectrum may account for over 10% of total counts. Without 453 including these peaks, the ratio of ranged ions over entire mass spectrum is about 80%, less 454 than those obtained in the cases with low pulse laser energies below 0.1 nJ (Fig. 5(d) ). This overlaps with the relevant Ga + peak (Fig. 6(c) ). Thus, HV pulsing mode was not a viable 
522
However, this study also demonstrated that this was not the primary mechanism for the 523 compositional discrepancy, accounting for only a tiny fraction of the lost nitrogen. 5(c)) and a large ranged ion ratio in the mass spectrum ( Fig. 5(d) The Ga implantation induced by FIB sample preparation was found within the reconstructed
556
APT data when the sample was prepared with a relative high 'clean-up' voltage, for instance, Hence, specimens should ideally be designed and fabricated such that any region-of-interest 562 for analysis is at least this depth from the apex of the tip.
564
There exists a strong dependency of the measured Ga composition on the applied laser pulse ion counts compared to all counts across the entire mass spectrum is indicative of the best signal-to-noise ratio. However, under these conditions there is also a relatively large fraction 571 of multi-hit events (~ 22%).
573
A clear pole structure is also observed in the desorption map when the specimen is analysed 574 under HV-pulsing conditions. However, under these conditions anomalous broad peaks are 575 seen in the mass spectra. While increasing the pulse fraction did not affect the observed pole 576 structure significantly, the contribution of the unexplained peaks ion to the mass spectrum 577 degraded the quality of the analysis.
579
The results indicate that with appropriate FIB specimen preparation and experimental
580
conditions APT provides a suitable approach to compositional analysis of nitride 581 semiconductors, and validates many of the studies performed so far using this technique. 
